Background: Colorectal cancer (CRC) is a leading cause of cancer-related death worldwide. P21-activated kinase 4 (PAK4) and miR-9-5p have emerged as attractive therapeutic targets in several tumor types, but in CRC, the regulation of their biological function and their target association remain unclear.
P21-activated kinase 4 (PAK4) is a member of the PAK family of serine/threonine kinases. It was originally identified as an effector molecule for the Rho-type GTPase Cdc42 [5] . PAK4 has been implicated in the morphogenesis of the actin cytoskeleton, filopodia, and extraembryonic tissues and vessels [6, 7] .
The PAK family can be divided into two groups, A (PAK1, − 2 and − 3) and B (PAK4, − 5 and − 6), based on domain structures and regulatory properties [8] . All six mammalian PAK members have a highly conserved C-terminal kinase domain and an Nternimal GTPase-binding domain [9] .
In recent years, cumulative evidence supports a critical role for abnormal PAK4 expression in oncogenesis [10] . Amplification or activation of PAK4 has been detected in numerous cancers, including pancreatic [11] , breast [12] and ovarian cancers [13] . In multiple cancer types, cells overexpressing PAK4 show increased proliferation, migration invasion and/or survival, which contribute to transformation, tumor formation and metastasis [10, 13] . Interestingly, PAK4 has been recently used to promote CRC cell growth, migration and invasion. For example, Tabusa et al. showed that in CRC cells with a KRAS mutation, knockdown of PAK4 induces a decrease in cell proliferation via pathways that are independent of RAF/MEK/ERK and PI3K/AKT signaling [14] . The tumor suppressive miR-145 exerts an anti-tumor effect in human CRC cells by targeting PAK4 [15, 16] .
MicroRNAs (miRNAs), which are small noncoding RNAs of~22 nt in length, have emerged as critical post-transcriptional and epigenetic modulators of gene expression in eukaryotes [17] . They have been shown to mediate translational repression and target mRNAs for degradation, predominantly by binding to the 3′-untranslated regions (3′-UTRs) in a sequence-specific manner [18] . PAK4 has been reported to be target regulated by miR-433 in hepatocellular carcinoma [19] , miR-224 in gastric cancer [20] , miR-485 in glioblastoma [21] , miR-199a-3p in gastric cancer [22] and hepatocellular carcinoma [23] , and miR-663 in clear cell renal cell carcinoma [24] .
In recent years, miR-9-5p has been shown to function as a tumor suppressor in several tumors, including pancreatic cancer [25] and gastric cancer [26] , but as an oncogene in prostate cancer [27] . In our previous investigation, we found that PAK4 is a potential target gene of miR-9-5p. The function of miR-9-5p in CRC remains unknown. We speculated that miR-9-5p might target PAK4 to regulate cell proliferation and apoptosis in CRC cells.
To validate our hypothesis, we determined the expression of PAK4 and miR-9-5p in CRC tissues and adjacent normal tissues. In vitro experiments were used to investigate whether miR-9-5p regulated cell proliferation and apoptosis by targeting PAK4 in CRC cell lines (HCT116 and SW1116). This is the first report to show that the powerful interaction between miR-9-5p and PAK4 plays an important role in CRC growth and survival. These results will no doubt enrich the state of knowledge on CRC pathogenesis.
Materials and methods

Clinical samples and cell culture
Fresh CRC tissue and matched adjacent normal tissue samples were collected from 32 CRC patients (age range from 32 to 76 years) who were undergoing surgery. The samples were immediately snap-frozen in liquid nitrogen and stored at − 80°C for RNA extraction. None of the patients had received chemotherapy or radiotherapy prior to surgery. All signed a written informed consent form.
In addition, 20 paraffin-embedded CRC specimens were collected at the Changzhou Tumor Hospital Affiliated to Soochow University. These were used for evaluation of PAK4 expression.
This study was approved by the Ethical Committee of Changzhou Tumor Hospital Affiliated to Soochow University (approval number: C3A02143; 2016.6.13).
The human CRC cell lines HCT116 and SW1116 were purchased from the American Type Culture Collection (ATCC). HCT116 and SW1116 cells were respectively cultured in RIMI 1640 and Dulbecco's modified Eagle medium (DMEM; Hyclone), both with 10% fetal bovine serum (FBS) in a humidified atmosphere containing 5% CO 2 at 37°C.
Quantitative real-time PCR
For PAK4 detection, total RNA was extracted from tissues and cultured cells using Trizol solution (TaKaRa) and reverse transcribed into cDNA with a M-MLV Reverse Transcriptase kit (TaKaRa) according to the manufacturer's instructions. For miR-9-5p quantification, miRNA was isolated with a mirVana kit (Life Technologies). Total RNA was then reverse transcribed using a Superscript II kit (Invitrogen).
The expressions of miR-9-5p and PAK4 were determined using a TaqMan microRNA assay kit and SYBR Green Real-time PCR Master Mix (Applied Biosystems) on an ABI Prism 7700 system (Applied Biosystems). The relative expression levels of miR-9-5p and PAK4 were determined using the 2 −ΔΔCt method with small nuclear RNA U6 and GAPDH as the respective internal references. Samples were analyzed in triplicate and each sample was analyzed at least three times. The primer sequences used are shown in Additional file 1: Table S1 .
Immunohistochemistry analysis
The paraffin-embedded sections were sliced into 5-μm thick sections and used for immunohistochemistry (IHC) staining, as previously described [28] . Briefly, the 5-μm thick sections were deparaffinized in xylene and rehydrated in gradient ethanol, followed by antigen retrieval with heated citrate buffer. Then, the tissue sections were blocked with 3% (v/v) hydrogen peroxide for 10 min and incubated with anti-PAK4 antibody (1:500, ab227197; Abcam) at 4°C overnight. After incubation with a HRP-conjugated secondary antibody for 30 min, the IHC staining results were photographed using an Olympus camera and independently evaluated by two experienced pathologists. Finally, the immunoreactivity scores were calculated by adding the scores for the staining percentage (0, 0-5%; 1, 6-20%; 2, 21-60%; 3, 61-75%; or 4, 76-100%) and staining intensity (0, no staining; 1, low intensity; 2, moderate intensity; 3, high intensity). Tissue sections with an immunoreactivity score of 0-2 were considered to be weakly immunoreactive (−+), 3-4 were moderately immunoreactive (+) and higher than 4 were strongly immunoreactive (++).
Oligonucleotides and transfection
To stably knock down PAK4 in CRC cells, HCT116 or SW1116 cells were transfected with two different small interfering RNAs targeting PAK4 (si-PAK4-1: 5′-GACAAC TATGAGATCTCGAGA-3′ and si-PAK4-2: 5′-AAGAGGCGAGATAACTCGAGT-3′) and a negative control siRNA (si-NC: 5′-UAACGUGUCUCCGUCACGUTT-3′). The siRNAs were synthesized by Shanghai GenePharma at a final concentration of 50 nM. For miR-9-5p overexpression, miR-9-5p mimics and miR-NC were chemically synthesized by RiboBio and subsequently transfected into HCT116 or SW1116 cells.
In the rescue experiments, the sequence for human PAK4 (AGTATGTAAGCAAA CTCGAGTTTGCTTACATACTC) was amplified via PCR and cloned into the pcDNA3.1 vector to give pcDNA3.1-PAK4. In the miR-9-5p mimics + PAK4 group, pcDNA3.1-PAK4 was transfected into miR-9-5p overexpressing HCT116 or SW1116 cells. All cell transfections were performed for 48 h using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions.
Western blot
Total protein was extracted from cultured cells or tissue samples using RIPA lysis buffer and the protein concentration was determined using a BCA Protein Assay kit (Pierce Biotechnology). Equal amounts of protein were separated via 10% SDS-PAGE and then transferred to polyvinylidene fluoride membranes (GE Healthcare). The membrane was blocked with Tris-buffered saline containing 0.1% Tween-20 (TBST) with 5% non-fat milk at room temperature. It was then incubated with primary antibodies against PAK4 (1: 1000, ab227197; Abcam) and GAPDH (1:5000, 10,494-1-AP; Proteintech) overnight at 4°C, followed by incubation with horseradish peroxidase-conjugated secondary antibody (1:5000, SC-2054; Santa Cruz Biotechnology). The bands of target protein were visualized using an enhanced chemiluminescence reagent (Bio-Rad Laboratories) and quantified using Image-pro plus 6.0 Software.
MTT assay
Cell proliferation was determined using the MTT assay in CRC cells. Approximately 3 × 10 3 transfected cells per well were seeded in 96-well plates and cultured for five consecutive days at 37°C. At 1, 2, 3, 4 and 5 day, 20 μl of 5 mg/ml MTT (Sigma Aldrich) was added into each well and the cells were incubated for 2 h. Then 150 μl dimethyl sulfoxide (Sigma) was added to each well to solubilize the crystals, followed by absorbance detection at a wavelength of 595 nm using a microplate reader (Bio-Rad).
Flow cytometry assay
Cell apoptosis was assessed using the Annexin V-FITC Apoptosis Detection Kit according to the manufacturer's protocol. Briefly, the transfected cells were harvested via trypsinization and washed with cold PBS. Next, the cells were resuspended in 500 μl of binding buffer supplemented with 5 μl each of Annexin V-FITC and propidium iodide (PI; BD Biosciences) for 30 min at room temperature in the dark. The stained cells were analyzed for early apoptosis (Annexin V+/PI-) and late apoptosis (Annexin V+/PI+) via flow cytometry (FACScan; BD Biosciences).
Target prediction and luciferase reporter assay
TargetScan 7.1 (http://www.targetscan.org/) and PicTar (http://pictar.mdc-berlin.de/) were used for the bioinformatic analysis to predict the potential miRNAs that target PAK4. For the luciferase reporter assay, the miR-9-5p binding sequence of the PAK4 3′-UTR fragment was mutated using the Gene Tailor Site-Directed Mutagenesis System according to the manufacturer's instructions. The wild-type (WT) and mutant (MUT) 3′-UTR of PAK4 were inserted into the psiCHECK-2 luciferase reporter plasmid (Promega Corporation). Subsequently, WT and MUT constructs were transfected into HCT116 and SW1116 cells, together with miR-9-5p mimics or miR-NC using Lipofectamine 2000. Forty-eight hours after transfection, the relative luciferase activities were measured using the dual-luciferase reporter assay system (Promega Corporation).
Statistical analysis
All data were analyzed using GraphPad Prism 6.0 software and expressed as the means ± SD of at least three experiments. The relationship between the miR-9-5p and PAK4 mRNA levels was determined using Spearman's correlation analysis. A paired t-test was used for the analysis of paired samples while an unpaired t-test was used for the analysis of distinct samples. The two-tailed Student's t-test was used to determine the difference between two independent groups. One-way analysis of variance followed by Tukey's post-hoc test was performed to determine the differences for more than two groups. The p < 0.05 was considered to be statistically significant.
Results
PAK4 expression is elevated in CRC tissues
To confirm our hypothesis that PAK4 might be an oncogene in CRC, total RNA from 32 pairs of fresh CRC tissue and matched adjacent normal tissues was reverse transcribed and analyzed using quantitative real-time PCR. PAK4 was found to be significantly upregulated in CRC tissues compared with adjacent tissues (Fig. 1a ; p < 0.001). IHC analysis was performed to confirm the expression of PAK4 in CRC tissues. Figure 1b shows representative photomicrographs of the different degrees of PAK4 expression intensity observed in the cytoplasm. PAK4 protein was detected in 85% (17/20) of the CRC-derived tissue samples and in 20% (4/20) of the non-cancerous colorectal mucosa, which indicates that the PAK4 expression in the CRC-derived tissue is higher than that in the normal colorectal mucosa. 
PAK4 knockdown inhibits cell proliferation and promotes apoptosis in CRC cells
Using western blot analysis, the protein levels of PAK4 were examined in HCT116 and SW1116 cells after transfection with two different siRNAs. The results show that both si-PAK4-1 and si-PAK4-2 transfection downregulated the expression of PAK4 protein in HCT116 ( Fig. 2a ) and SW1116 cells (Fig. 2b) . The si-PAK4-2 was selected for the subsequent in vitro experiments because it seemed more effective at silencing PAK4 expression than si-PAK4-1. The MTT assay was performed to determine cell proliferation. The results show that PAK4 knockdown by si-PAK4-2 significantly suppresses cell proliferation in HCT116 (Fig. 2c , p < 0.001) and SW1116 cells ( Fig. 2d , p < 0.01, p < 0.001).
Flow cytometry analysis was performed to verify whether PAK4 silencing caused cell apoptosis. PAK4 knockdown significantly promoted cell early apoptosis from 2.4 ± 0.1 to 13.8 ± 0.4% and late apoptosis from 1.9 ± 0.1 to 22.8 ± 0.4% in HCT116 cells ( Fig. 2e ; p < 0.001). Similarly, the early apoptotic and late apoptotic percentages of cells in the si-PAK4-2 group were remarkably elevated compared with those for the si-NC group in SW1116 cells (Fig. 2f, p < 0.001 ).
PAK4 is a direct target of miR-9-5p
The miRNAs that affect the expression of PAK4 were predicted using TargetScan 7.1 and PicTar. They included miR-9-5p, which has been reported to be a tumor suppressor in several types of cancer where PAK4 is known to be significant. Thus, it was chosen for further investigation. The 3′-UTR of PAK4 mRNA contains the predicted binding sites for miR-9-5p. The mutated miR-9-5p binding sequence of the PAK4 3′-UTR fragment is shown in Fig. 3a .
To determine whether miR-9-5p directly targets PAK4, the luciferase reporter assay was conducted on CRC cells. The results show that luciferase activity was significantly suppressed in HCT116 ( Fig. 3b ; p < 0.01) and SW1116 cells ( Fig. 3c ; p < 0.01) cotransfected with miR-9-5p mimics and the WT PAK4 3′-UTR luciferase reporter plasmid, indicating that PAK4 is a direct target of miR-9-5p. Furthermore, miR-9-5p mimic transfection significantly downregulated PAK4 mRNA expression ( Fig. 3d ; p < 0.01) and PAK4 protein expression in HCT116 and SW1116 cells (Fig. 3e) . These findings suggest that miR-9-5p could negatively regulate the expression of PAK4 in CRC cells.
Downregulation of miR-9-5p inversely correlates with PAK4 expression in CRC
Next, we analyzed the expression of miR-9-5p in 32 pairs of CRC tissues and matched adjacent tissues using quantitative real-time PCR. The expression of miR-9-5p was significantly lower in CRC tissues than in adjacent tissues ( Fig. 4a ; p < 0.001). What's more, we found that the expression of miR-9-5p negatively correlated with PAK4 expression in 40 CRC tissues ( Fig. 4b ; r = − 0.3674, p = 0.0386).
The effects of miR-9-5p on cell proliferation and apoptosis are partially reversed by PAK4 overexpression Since miR-9-5p is downregulated in CRC and negatively correlates with PAK4 expression, we speculated that it might negatively impact CRC cellular function by targeting PAK4. To validate this hypothesis, we transfected HCT116 and SW1116 cells with miR-NC, miR-9-5p mimics or miR-9-5p + PAK4. First, we confirmed that the expression of miR-9-5p in HCT116 and SW1116 cells increased significantly after transfection with miR-9-5p mimics using quantitative real-time PCR analysis ( Fig. 5a ; p < 0.001). The expression of PAK4 protein obviously decreased after transfection with miR-9-5p mimics, but partially attenuated after PAK4 overexpression (western blot results; Fig. 5b ). Our in vitro experiments showed that ectopic PAK4 expression effectively reversed the effects of miR-9-5p overexpression on HCT116 and SW1116 cell proliferation (MTT assay results; Fig. 5c ; p < 0.01, p < 0.001) and apoptosis (flow cytometry analysis; Fig. 5d ; p < 0.05, p < 0.01, p < 0.001). Furthermore, we found that PAK4 overexpression markedly reversed the effects of miR-9-5p on the expression of pro-apoptotic Bad and anti-apoptotic Bcl-2 (Fig. 5e ). These results suggest that miR-9-5p suppresses CRC cell proliferation by targeting PAK4. Fig. 3 PAK4 was a target gene of miR-9-5p in CRC cells. a The potential binding sites of miR-9-5p and PAK4 mRNA, as well as the sequences in potential binding sites of mutant-type plasmid. b and c Dual luciferase reporter assays were performed in HCT116 and SW1116 cells with vectors including the putative miR-9-5p target sites in the 3′-UTR of PAK4 mRNA (wild-type) and mutant. Data were normalized against Renilla or firefly luciferase activity. d Quantitative real-time PCR was used to determine the mRNA levels of PAK4 in HCT116 and SW1116 cells transfected with miR-9-5p mimics or miR-NC. e Western blot analysis was used to determine the protein levels of PAK4 in HCT116 and SW1116 cells transfected with miR-9-5p mimics or miR-NC. All data are expressed as the means ± SD. **p < 0.01, compared with the miR-NC group Fig. 4 The negative correlation between miR-9-5p and PAK4 in CRC tissues. a Lower expression of miR-9-5p was observed in 32 CRC tissue samples than in the matched adjacent tissues (determined using quantitative real-time PCR). ***p < 0.001; b The correlation between PAK4 and miR-9-5p in the 32 CRC clinical samples was analyzed using Spearman's rank correlation 
Discussion
The immense potential of miRNAs as modulators of cancer-related processes, including proliferation, apoptosis, migration and invasion, has fully emerged over the past decade [29] . Understanding the molecular pathology of cancer progression has been hampered by our limited knowledge about miRNA-mRNA regulatory networks [30] . Based on our previous work, we predicted PAK4 to be a target gene of miR-9-5p. Here, we explored whether PAK4 is a functional regulator of miR-9-5p in CRC cell proliferation and apoptosis. As expected, PAK4 knockdown or miR-9-5p overexpression significantly inhibited cell proliferation and induced apoptosis in the cells of two CRC cell lines, HCT116 and SW1116. PAK4 has been implicated in the regulation of the cell cycle regulatory proteins p21, CDK6 and p16 [31, 32] . Functional experiments with specific molecules showed that PAK4 is involved in the regulation of multiple cellular processes, including actin cytoskeleton remodeling, cell growth and gene expression [33] . PAK4 decreases the Fig. 5 PAK4 alleviated the effects of miR-9-5p on cell proliferation and apoptosis in CRC cells. HCT116 and SW1116 cells were transfected with miR-NC, miR-9-5p mimics or miR-9-5p mimics + PAK4 for 48 h. a Quantitative real-time PCR was used to determine miR-9-5p expression with U6 as internal control. b Western blot was used to determine the expression levels of PAK4 with GAPDH as a loading control. c MTT assay was utilized to determine the cell proliferation in different groups on consecutive 5 days. d Cell apoptosis levels were determined using flow cytometry. Representative images of double Annexin V/PI staining are shown in the left panel and a statistical analysis of early and late apoptotic cells is shown in the right panel. e The protein levels of Bad and Bcl-2 were detected using western blotting in both HCT116 and SW1116 cells. All data are expressed as the means ± SD. ***p < 0.001, compared with the miR-NC group; # p < 0.05, ## p < 0.01, ### p < 0.001, compared with the miR-9-5p mimics group sensitivity of gastric cancer cells to cisplatin through the PI3K/Akt and MEK/ERK signaling pathways [34] . Studies have shown promotion of TCF/LEF gene transcription by PAK4 via regulation of β-catenin signaling, and the association between PAK4 and βcatenin could drive cell proliferation due to upregulation of cyclin D1 and c-myc [35] . PAK4 was also identified as an inhibitor of caspase 3 and caspase 8 activation, whichprevents the apoptotic process from starting [36] . This evidence shows the positive regulation of PAK4 in tumor cell growth and proliferation. As for miR-9-5p, there are several reports of its suppressive role in tumor progression. For example, Guo et al. showed that downregulation of miR-9-5p promoted the proliferation of papillary thyroid cancer cells by inhibiting apoptosis [37] . Fan et al. showed that miR-9-5p is closely related to the malignant progression of gastric cancer (GC) [26] . Our data, which show that downregulation of Bcl-2 and upregulation of Bad are caused by miR-9-5p overexpression in CRC cells, further confirm the tumor suppressor role of miR-9-5p.
Our luciferase reporter assay results show that PAK4 is a potential target of miR-9-5p in HCT116 and SW1116 cells. Unfortunately, the inverse correlation between PAK4 mRNA levels and miR-9-5p was found to be very weak in 32 of the CRC tissue samples, although this might be ascribed to the relatively small sample size.
Rescue experiments were performed to explore whether PAK4 is a downstream functional regulator involved in miR-9-5p regulation of CRC cell proliferation and apoptosis. Overexpression of PAK4 significantly alleviated the anti-proliferative and antisurvival effects of miR-9-5p in CRC cells. Sheng et al. [16] similarly recently found that PAK4 is a target of miR-145 and that the PAK4-dependent pathway is responsible for inhibiting the CRC cell migration and invasion induced by miR-145. Therefore, we suggest that enforced expression of miR-9-5p decreases CRC cell proliferation and survival by negatively regulating PAK4.
Based on this, we shall investigate the possible mechanisms of how aberrant expression of PAK4 can lead to unfavorable proliferation and survival of CRC cells expressing low levels of miR-9-5p. PAK4 was discovered to bind and phosphorylate Smad2/3 through kinase-dependent and -independent pathways, thus reducing the response to the growth-inhibitory effects of TGF-β1 in gastric cancer cells [38] . Recent data revealed that Gab1, a binding partner for PAK4, is essential for cell cycle progression and proliferation [39] . These suggest a possible mechanism by which miR-9-5p targets PAK4 to inhibit CRC cell proliferation.
Conclusions
We have demonstrated that miR-9-5p regulates the expression of the serine/threonine kinase PAK4, providing strong evidence that miR-9-5p inhibits CRC proliferation and survival through negative regulation of PAK4. This study indicates a targeted regulation between miR-9-5p and PAK4, and provides a potential novel therapeutic target for CRC treatment.
